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General purpose 

i. Technical description, including a list of key words 

The present invention is focused on the generation of novel soluble thrombomodulin 
("TM") conjugates, which we believe will be useful as a systemic agent for treatment of 
micro or macrovascular blood clots, stroke, heart attack, disseminated intravascular 
coagulation or other inflammatory or prothrombotic condition. The sequence of the TM 
analogs contains, at a minimum, the catalytically active site capable of activating protein 
C (EGF4-6 domains) and single or multiple non-natural amino acids. These TM analogs 
are conjugated to linear or branched natural or synthetic polymers via the non-natural 
amino acids. This invention provides methods for conjugation of the TM conjugates to - 
the surfaces of synthetic or natural materials, to targeting groups for site specific delivery 
of the agent, or to compounds that contain one or more additional anti-inflammatory/anti- 
thrombotic properties. 

Keywords: thrombomodulin, catalytically active sites, non-natural amino acid, 
conjugation, natural polymer, synthetic polymer, poly(ethylele glycol), surface 
anchoring, anti-inflammatory, anti-thrombotic. 

ii. Advantages, unusual features and improvements over existing methods, devices 
or materials. How does the Intellectual Property differ from the present 
technology? What problems does it solve or what advantages does it possess? 

The transmembrane human protein thrombomodulin ("TM"), as a critical regulator of the 
protein C pathway, represents the major anticoagulant mechanism that is operative in 
both normal and injured blood vessels under physiologic conditions in vivo. An effective 
blood-contacting surface is dependent upon the presence of physiologically relevant 
antithrombogenic mechanisms that are incorporated into the engineered blood-material 
interface. Full length TM can be incorporated into membrane-mimetic film or surfaces 
by fusion/adsorption processes. The major drawback of these materials is a loss of TM 
stability with time. The invention solves this problem by a covalent conjugation of 
truncated TM derivatives onto the surface using natural or synthetic polymers as a spacer. 
Moreover, in existing protocols for covalent immobilization of TM onto polymeric 
surfaces, the protein immobilization procedure involves freely available amino or 
carboxyl functionalities of TM, some of which may be within or near a bioactive site. 
Therefore, TM bioactivity is significantly reduced after surface coupling. The invention 
provides a novel method for covalent conjugation of TM to synthetic or natural materials 
site-specifically without loss of protein bioactivity. The invention is based on a short 
recombinant TM construct containing EGF-like domains 4-6 and single or multiple non- 
natural amino acids preferably at the C-terminal portion of the construct. Through 
reaction with suitable polymer spacer, via the non-natural amino acids TM was modified 
for further immobilization onto surfaces or for conjugation to linear or multifunctional 
natural or synthetic compounds that contain other anti-inflammatory or anti-thrombotic 
properties. The bioconjugation reactions occur in mild conditions to preserve TM 
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iv. Commercial applications (economic potential, potential uses, indirectly related 
uses, etc.) 

The TM conjugates can be used as systemic agents for treatment of micro or 
macrovascular blood clots, stroke, heart attack, disseminated intravascular coagulation or 
other inflammatory or prothrombotic condition. An embodiment of the invention consists 
of coating of the surface of medically implanted or human tissue or fluid contacting 
devices including but not restricted to vascular grafts, stents, heart valves, dialysis 
membranes, membrane oxygenators, catheters, or guide wires to alter surface properties. 
A further embodiment of the invention consists of coating of living cells or tissues, 
including, but not restricted to smooth muscle cells, fibroblasts, endothelial cells, stem 
cells, chondrocytes, osteoblasts, pancreatic islets, or genetically engineered cells to 
enhance the anti-inflammatory properties of the cells. 

v. Please list (and attach) any additional related patents or publications, which may 
be important background reference material in reviewing the Intellectual 
Property. If appropriate, please attach an initial patent search related to the 
Intellectual Property obtained from searching the USPTO's website: 

http : www.uspto.gov/web/menu/search.html 

Patents: 

Thrombomodulin-coated biocompatible substance 
Soluble thrombomodulin-containing composition 
Protease-resistant thrombomodulin analogs 
Human thrombomodulin in wound healing 
Thrombomodulin analogs for pharmaceutical use 
Oxidation resistant thrombomodulin analogs 
Endothelial envelopment drug carriers 
Biodegradable mixed polymeric micelles for drug delivery 
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ABSTRACT 

Addition of polyethylene glycol to bioactive proteins (PEGylation) improves their plasma 
half-life and stability against proteolytic cleavage and may also decrease protein 
immunogenicity. Characteristically, PEGylation usually involves the reaction to 
available lysine amino groups, some of which may be within or near a bioactive site. 
Thus, most protocols are nonspecific and result in a loss of protein activity. We report 
herein a strategy for site-specific PEGylation of a thrombomodulin derivative (TM) at the 
C-terminus. A truncated TM mutant consisting of epidermal growth factor (EGF)-like 
domains 4-6 with a C-terminal azido-alanine was expressed in Escherichia coli. The TM 
mutant was site-specifically conjugated to a methyl-PEG-triarylphosphine compound via 
Staudinger reaction. .Enzymatic activity of the TM construct before and after 
PEGylation was similar, which demonstrated the success and usefulness of our novel 
site-specific PEGylation approach. 
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INTRODUCTION 

Pegylation of proteins increases both their molecular size and steric hindrance, 
which results in an improvement of protein plasma half-life and resistance to proteolytic 
cleavage. In addition, protein immunogenic ity may be decreased (7,2). 
Characteristically, PEGylation usually involves the reaction to available lysine amino 
groups, some of which may be within or near a bioactive site. Thus, most protocols are 
nonspecific and result in a loss of protein activity (3,4)^ For example, Han et al (5) 
conjugated TM to PEG via trichlrotriazine as the coupling agent for immobilization onto 
glass surface. Despite successful immobilization, they reported reduced TM activity 
presumably due to the alteration of protein conformation after PEGylation. To overcome 
this problem, several approaches have been proposed. Site-specific PEGylation can be 
achieved through the introduction of a cysteine residue in engineered proteins with a free 
thiol available for conjugation reactions (6, 7). Several PEG derivatives have been 
developed for that purpose (8,9,10,11,12). The efficacy of this approach is compromised, 
however, by a low yield of PEGylated proteins and often by a substantial loss of activity 
due to the introduction of the cysteine residue (13). As an alternative strategy, 
Yamamoto etal. (14) reported the site-specific PEGylation of a ly sine-deficient tumor 
necrosis factor-a at its N-terminus using an activated PEG (metoxy-PEG-succinimidyl 
propionate). The corresponding bioconjugate showed higher bioactivity in vitro and 
greater antitumor therapeutip potency than randomly mono-PEGylated TNF-ct. 

We report herein the use of a similar strategy for site-specific PEGylation of 
human thrombomodulin. This transmembrane protein is a critical regulator of the protein 
C pathway and represents a major anticoagulant mechanism that is operative under 
physiologic conditions in vivo (15,16). TM is a cofactor for thrombin-catalyzed 
activation of protein C, enhancing the rate of the reaction by 1000-fold (17). In order to 
closely mimic the TM structure as it appears at the cell surface (75), and consequently 
preserve its bioactivity, we investigated the PEGylation at the C terminus. Using a 
genetically-directed synthesis in Escherichia coli, we first expressed a short TM construct 
containing EGF-like domains 4-6 and. an azido-fiinctionalized methionine analog (19) as 
C-terminal linker. The PEGylation was then achieved through Staudinger ligation (20) 
with a suitable engineered PEG derivative. 



EXPERIMENTAL PROCEDURES 

Materials. All chemical reagents were obtained from Sigma Chemical 
Corporation (St. Louis, MS). The PEG analog was purchased from Netkar Corp. 
(Hunstville, AL). The BamH I and Shrimp Alkaline Phosphatase enzymes were obtained 
from New England Biolabs, Inc. (Beverly, MA). The Quikchange Site-Directed 
Mutagenesis kit was from Stratagene (La Jolla, CA). E.coli strain B834 (DE3), plasmid 
pET-39b(+), S-Tag Rapid Assay kit and Site-Specific Enterokinase Cleavage and 
Capture Kits were from Novagen (Madison, WI). All plasmid purification kits were 
purchased from QIAGEN Inc. (Chatsworth, CA). The mouse monoclonal antibody to 
human thrombomodulin was from COVANCE Corp. (Richmond, CA). Synthetic 
oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, 
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IA). Purified recombinant human PC and Rabbit Lung Thrombomodulin and were from 
Haematologic Technologies Inc. (Essex Junction, VT). Human anti-trombin, 
recombinant Human Thrombomodulin positive control and chromogenic substrate 
SPECTROZYME PCa were purchased from Amercian Diagnostica Inc. (Stamford, CT). 
All reagents for manipulating DNA and bacteria were sterilized by autoclave. 

Instrumentation. MALDI-TOF mass spectrometry data were performed on an 
Applied Biosystem Voyager-DE™ STR Biospectrometry™ Workstation MALDI-TOF 
Mass Spectrometer using an 2-(4-hydroxy-phenylazo)benzoic acid matrix. ! H, l3 C and 
31 P NMR spectra were recorded at 400, 150 and 242 MHz on a Varian INOVA in CDCI 3 
or D 2 0 (internal Me 4 Si, 6=0). Optical density was recorded on a Varian Cary 50 Bio 
UV-visible spectrophotometer. 

Synthetic Gene Construction. A DNA fragment encoding for EGF (4-6) 
domains of human TM was obtained by polymerase chain reaction using primers 5'- 
TACCCTAACTACGACCTGGTG-3 ' and 5 ' -TATGAGCAAGCCCGAATG-3 ' . 
Through a series of intermediate constructs, this fragment was used to generate a gene 
containing a Leucine (Leu) substitution for Methionine-388 (Met-388), N-terminal and 
C-terminal BamH I sites and a C-terminal linker GlyGlyMet using site-directed 
mutagenesis. The final construct (TMggm) was then inserted using the BamH I site of 
the expression plasmid pET T 39b(+). All mutations were verified through sequence 
analysis. 

Protein expression and purification. M9AA medium (500 ml) supplemented 
with 1 mM MgS04, 0.4 wt% glucose, 1 mg/liter thiamine chloride, 0.1 mMCaCb, the 
Kanamycin antibiotic (30 mg/liter) and all proteinogenic amino acids (40mg/L) was 
inoculated with 20 ml of an overnight culture of B834(DE3)/pET39-b/rM<;<7A,. When the 
turbidity of the culture reached an ODeoo of 0.8, protein expression was induced by 
addition of isopropyl-f$-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 
mM. After lOmin, the medium was exchanged to remove methionine: the cells were . 
sedimented (4000g, lOmin) then the cell pellet was washed twice with 200 ml of I x M9 
salts. The cells were resuspended in 500 ml of the M9AA medium described above, 
without methionine but supplemented with 100 mg/liter of azido-functionalized 
methionine analog {19). A culture lacking methionine served as the negative control. 
Cultures were grown for 4.5 h at 37°C. The expression of the TM protein was analyzed 
by 4-20% gradient SDS-PAGE gel electrophoresis and visualized by Western blot 
analysis using mouse monoclonal antibody to human thrombomodulin. The target 
protein was expressed as a N-terminal Dsba and Enterokinase enzymes fusion to a leader 
sequence containing hexahistine and S-tags (protein TMa). S-Tag Rapid Assay was used 
to quantify protein concentration and therefore expression yield, which can be averaged 
as 17mg per liter of cell culture. TM A was purified from the cell pellet by using 
immobilized metal-affinity chromatography on TALON resin (Clontech Laboratories, 
Inc.) under native conditions using an imidazole gradient for elution of the target 
polypeptide. The cells were first harvested by centrifiigation at 4 \C at 4000 g for 15 
min, and resuspended in 4 mLoflysis buffer (300 mMNaCl, 50 mMNaH 2 P0 4 , 10% 
glycerol, 1 mg/ml lysozyme, lO^g/ml PMSF, pH 8). After incubation on ice for 30min, 
the cell lysate was clarified by centrifiigation at lOOOOg for 20 min. The soluble extract 
was then loaded onto a column containing TALON metal affinity resin (4 mL), which 
had been preequilibrated with lysis buffer. The weakly binding proteins were removed 
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by rinsing the column with 16 mL wash buffer (300 mM NaCl, 50 mM NaH 2 P0 4 , 10% 
glycerol, 20mM imidazole, pH 8). TM A was eluted by the addition of 6 mL of elution 
buffer (300 mM NaCl, 50 mM NaH 2 P0 4 , 10% glycerol, 250mM imidazole, pH 8). The 
chromatographic fractions were analyzed by 4-20% gradient SDS-PAGE gel 
electrophoresis and visualized by Western blot analysis using mouse monoclonal 
antibody to human thrombomodulin. The nitrocellulose membrane was developed by 
using ECL plus Western Blotting detection kit (Amersham Biosciences, UK). 
Enterokinase cleavage removed the fusion tag and generated the target protein (TMb). 
N-terminal sequencing, amino acid compositional and mass analysis confirmed the 
integrity of TM B : (Mass detected (m/z): 16 545.2 D (calculated 16 540.0 D)). 

Activity assays. A saturated concentration of TMb was incubated in assay 
diluents of 20 mM Tris-HCl pH 7.5, 100 mM NaCl, 2.5 mM CaCl 2 for 30 min at 37°C in 
20[xl total volume with various amount of protein C (0-8 fxM) and 10 nM thrombin. The 
reaction was stopped by addition of 5 \xL antithrombnin (10.7 \xM) for 5 min at room 
temperature. The amount of protein C formed was determined by addition of 275 |jL of 
SPECTROZYME PCa (218 >iM) for 20 min at room temperature and monitoring its 
hydrolysis at 407 nm using UV spectrophotometer. The activated protein C activity 
values obtained in the absence of TM were subtracted to give to final values. 

Synthesis of the methyl-PEG-triarylphosphine conjugate. To a mixture of the 
phospino reagent (10.3 mg, 28 nmol) and 1,3-Dicyclohexylcarbodiimide (DCC) (5.7 mg, 
27 jimol) in CHCb (2 ml) was agitated for lh at room temperature under Argon. Then a 
solution of the methyl-PEG-amine derivative (m-PEG-NH 2 (M n 5kD)) (120 mg, 24 
(xmol) in CHCb (2 ml) was added and the reaction was agitated for 2.5 days at room 
temperature under Argon. The methyl-PEG-triarylphosphine conjugate was recovered by 
precipitation in diethyl ether (200 ml). The precipitate was redissolved in water, filtrated 
and lyophilized to afford the final product with 50% of subtitution. The product was used 
in the Staudinger reaction without purification. l H NMR (400 MHz, D 2 0): 6 3.37 (s, 3H, 
O-CH3 (PEG)), 3.45-3.90 (m, 557 H, 0-CH 2 (PEG)), 7.29-7.50 (m, llH), 7.81-7.84 (m, 
1H), 8.03-8.12 (m, 1H). 13 C NMR (150 MHz, CDC1 3 ): 5 39.9, 40.1, 52.5, 59.3, 68.7, 
69,5, 70.1, 70.3, 70.4, 70.6, 71.1, 72.0, 72.4, 128.5, 128.7, 128.8, 130.5, 131.0, 131.3, 
132.0, 133.3, 134.1, 137.7, 138.1, 166.5, 166.7. 31 P NMR (242 MHz, CDCI3): 
6 -3.11. MALDI-TOF: 6034 D (calculated 6014 D). 

Conjugation. To a solution of TM B in PBS pH 7.4 (300-500 nM, lOOfxl) was 
added a large excess (1 mg) of the lyophilized methyl-PEG-triarylphosphine conjugate. 
The reaction was heated at 37°C for 36 h to obtain maximum ligation. Reaction mixtures 
were divided in half and the two sets of reactions were subjected to SDS/PAGE in 
parallel. Proteins from the first gel were transferred to nitrocellulose membranes and 
visualized by Western blot analysis using a mouse monoclonal antibody to human 
thrombomodulin. This procedure monitored the presence of TM proteins that had reacted 
with the phosphine and were therefore PEG-labeled as well as unreacted TM. The 
second gel was stained with barium chloride/iodine solutions to reveal PEGylated 
molecules only (27). 
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RESULTS AND DISCUSSION 

It is now well established that the three consecutive EGF-like domains 4-6 
(EGF4-6) of human TM exhibit full cofactor activity (22). The corresponding amino- 
acid sequence contains only one Methionine residue (Met-388), which is not vital for the 
protein bioactivity {23,24). According to the work of Kiick et al (19) that used 
methionine analogs for bioconjugation, we surmised that the mutation of the Met-388 
residue to Leucine (Leu) of a truncated TM fragment containing EGF4-6 and the 
insertion of a C-terminal Met might therefore be a good target for site-specific 
PEGylation. 

To create a short recombinant bioactive TM mutant, we first used the DNA 
fragment encoding for the amino-acids sequence 349 to 492 to generate a gene containing 
a Met-388-Leu substitution and a C-terminal linker GlyGIyMet using site-directed 
mutagenesis (Figure 1). The final construct (TMggm) was then inserted in the expression 
plasmid pET-39b(+). This plasmid contains a leader gene sequence coding for the Dsba 
enzyme, which is a periplasmic enzyme catalyzing the formation and isomerization of 
disulfide bonds of expressed proteins. We therefore expected the target TM mutant to 
possess all the disulfide bonds that natural human TM exhibit and that are required for 
proper protein folding and consequently cofactor activity. Expression under the 
induction of IPTG in E. coli methionine auxotroph (B834(DE3)/pET39-b/rMt?GA/.) 
cultures depleted of methionine and supplemented with an azido-functionalized 
methionine analog: the azidohomoalanine (19) afforded the target protein as a N-terminal 
Dsba and Enterokinase enzymes fusion to a leader sequence containing hexahistine and 
S-tags. Protein expression was monitored by SDS/PAGE analysis and visualized by 
Western blot analysis. The target protein was not observed in the negative control 
culture, whereas TM fused to the leader sequence (TMa) was clearly detected in positive 
control cultures supplemented with azidohomoalanine. The accumulation of TM A was 
taken as preliminary evidence for incorporation of the non-natural amino acid. TM A was 
purified from the cell pellet by using immobilized metal-affinity chromatography with 
stepwise Imidazole gradient elution under native conditions. Enterokinase cleavage 
removed the fusion tag and generated the target proteins (TM B ). N-terminal sequencing, 
amino acid compositional and mass analysis (Mass detected: 16545D) confirmed the 
integrity of TM B . On the western blot analysis of TM mutants (Figure 2), TM B was 
characterized by a band around 33kD confirming that in some case TM B proteins 
associate into dimers even under denaturing conditions as has been already reported (25). 

Having expressed an azide-modified form of TM we next investigated the 
selective Staudinger ligation of this protein with a properly engineered methyl-PEG- 
triarylphosphine conjugate 2 (Scheme 1). We choose this ligation protocol in order to 
minimize the alteration of the TM mutant cofactor activity during the reaction. Indeed, in 
its classical form, the Staudinger reaction meets many of the criteria required of a 
chemoselective ligation in a cellular enviroment. The phosphine and the azide react 
rapidly and selectively in water at room temperature in high yield. Kiick et al (19) ~ 
prepared a triarylphosphine compound 1 that has been successfully used for the 
preparation of a protein-Flag conjugate as well as for labeling cell surface azide-bearing 
sialic acids with a biotinylated phosphine (20). In an identical manner, we used 1 to 
synthesize our methyl-PEG-triarylphosphine conjugate 2. The carboxylic acid group of 1 
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was reacted with the amino group of the commercially available derivative methyl-PEG- 
amine (m-PEG-NFk (5kD)) to create an amide bond f Scheme 1). The incorporation of 
the phosphino group to the PEG was checked by ! H, C and 31 P NMR as well as 
MALDI-TOF spectroscopy (Figure 3). The peak at a mass of 6034 D observed for the 
methyl-PEG-triarylphosphine conjugate 2 is consistent with that expected for the increase 
of mass of 346.1 D brought by the linkage of the phosphino compound 1 to the initial m- 
PEG-NH2 (Mass observed: 5668 D, Figure 3). 

PEG polymers are well known to be highly hydrophilic. The addition of the 
hydrophilic m-PEG-NHb to 1 -totally hydrophobic- therefore dramatically enhanced the 
water solubility of the phosphino group in the bioconjugate 2, which is crucial for the 
following Staudinger reaction. A large excess of lyophilized mehtyl-PEG- 
triarylphosphine conjugate 2 (t mg) was added to 100 \iL of an aqueous solution of TM B 
in PBS at pH 7.4 and the Staudinger reaction was performed at 37 for 24h. The 
formation of the TMb-PEG conjugate was followed by western blotting analysis of the 
reaction mixture with time (Figure 2). The gel shows the apparition of a band at higher 
molecular weight than the initial TM B with a simultaneous disappearance of the TM B 
band. These results indicate that the Staudinger reaction proceeded efficiently in these 
conditions and were taken as primarily evidence for incorporation of the PEG polymer to 
the TM. As the reaction is not complete after 24h, we let it proceed for 12h more. 
Western blotting analysis (Figure 4a), and barium iodine staining (Figure 4b) of SDS- 
PAGE gels were then carried out in parallel to monitor the formation of TM B -PEG 
conjugate. On the western blot gel, the absence of the band characteristic of the starting 
TM B revealed the bioconjugation of TM B to PEG was 100 % complete. The SDS gel ran 
in parallel under identical conditions but stained with barium iodine confirmed the 
presence of PEG molecule in the bioconjugate by the presence of a band at similar 
molecular weight. The band showed under 20kd may be the unreacted mehtyl-PEG- 
triarylphosphine conjugate 2. However, the mass of the PEGylated TM determined by 
SDS-PAGE analysis is different than that estimated based on the actual mass of the PEG 
attached. This variation in mass has been already reported (26) for the PEGylation of 
Hemoglobin. Indeed, studies of PEG in aqueous solution have shown that PEG typically 
binds 2-3 water molecules per ethylene oxide unit. Due to both the high flexibility of the 
backbone chain and the binding of water molecules, the PEG molecule exhibits an 
apparent size in the gel, which may not correspond to its actual molecular weight (2). 

Activity assays were carried out to check the influence of the PEGylation on the 
TM cofactor activity (Table 1). We first investigate the activity of both TM A and TM B 
mutants and compared it to the one exhibited by the commercially recombinant.human 
TM lacking the transmembrane domain. Indeed, Clarke et al. (23) has shown that the 
Met-388-Leu mutation results in a 2-fold increase in kcat for the activation of protein G by 
a thrombin-TM fragment complex. The alteration of the Met-388 to Leu in our TM 
mutants might therefore modify the bioactivity of the protein. However, within 
experimental errors, similar activity for commercially TM, TM A and TM B are observed. 
Our TM mutants therefore match the conformation and structure required for a proper 
thrombin binding and protein C activation. Moreover, the incorporation of PEG to TM B 
does not affect the cofactor activity of the protein, indicating that this site-specific 
PEGylation scheme does not interfere with thrombin binding and protein C activation. 
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CONCLUSIONS 

A thrombomodulin derivative containing EGF(4-6)-like domains designed with a 
azido-functionalized methionine C-terminal linker was successfully synthesized via a 
genetic engineering strategy. The protein exhibits fully bioactivity towards protein C. 
The TM construct was then conjugated to a novel engineered methyl-PEG- 
triarylphosphine compound via Staudinger reaction in mild conditions. Cofactor activity 
assay of both proteins before and after PEGylation were found to be similar indicating the 
success of the site-specific PEGylation scheme used. To our knowledge, we developed 
herein the first site-specific PEGylation at the C-terminal of a protein and therefore the 
first site-specific PEGylation of thrombomodulin-mimetic protein with full bioactivity. 
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LEGENDS 

Scheme 1. Synthesis of the methyl-PEG-triarylphosphine conjugate 2 and bioconjugation 
to the azido-functionalized TM B . 

Figure 1. Structure of the TM mutant (TMggm). 

Figure 2. Western blot analysis of TM mutants (4-20% SDS-PAGE gel): (1) purified 
TM A ; (2) enterokinase cleavage of TM A leading to the target protein TM B ; 
(3-5) bioconjuation reaction with the PEG linker after 4h, 8h and 24h 
respectively. M: Molecular weight marker proteins. 

Figure 3. MALDI-TOF Mass Spectrum of (a) the starting polymer m-PEG-NH 2 (mass 
detected (m/z): 5668 D) and (b) the methyl-PEG-triarylphosphine conjugate 2 
(mass detected (m/z): 6034 D, calculated 6014 D). 

Figure 4. (a) Western blot analysis and (b) barium iodine staining of a 10% SDS-PAGE 
gels: (1) and (3) bioconjuation reaction with the PEG linker; (2) initial azido- 
functionalized TM-derivative TM B . M: Molecular weight marker proteins. 

Table 1. Dissociation constant and kinetic parameter determination for TM mutants. 
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INTRODUCTION 

Pegylation of proteins increases both their molecular size and 
steric hindrance, which results in an improvement of protein plasma 
haJMife and resistance to proteolytic cleavage. In addition, protein 
immunogenicity may be decreased 1,2 . Characteristically, PEGylation 
usually involves the reaction to available lysine amino groups, some of 
which may be within or near a bioactive site. Thus, most protocols are 
nonspecific and result in a loss of protein activity. For example, Han et 
a/. 3 conjugated human thrombomodulin (TM) to PEG viatrichlorotriazine 
as the coupling agent for immobilization onto a glass surface. Despite 
successful immobilization, they reported reduced TM activity 
presumably due to the alteration of protein conformation after 
PEGylation. To overcome this problem, several approaches have been 
proposed. Site-specific PEGylation can be achieved through the 
introduction of a cysteine residue in engineered proteins with a free thiol 
available for conjugation reactions 4,5 " 6,7,8,9,10 . The efficacy of this 
approach is compromised, however, by a low yield of PEGylated 
proteins and often by a substantial loss of activity due to the introduction 
of the cysteine residue 11 . As an alternative strategy, Yamamoto era/. 12 
reported the site-specific PEGylation of a lysine-deficient tumor necrosis 
factor (TNF)-o; at its N-terminus using an activated PEG (methoxy-PEG- 
succinimidyl propionate).. The corresponding bioconjugate showed 
higher bioactivity in vitro and greater antitumor therapeutic potency than 
randomly mono-PEGylated TNF-a. 

We report herein the use of a similar strategy for site-specific 
PEGylation of human thrombomodulin . This transmembrane protein is 
a critical regulator of the protein C pathway and represents a major 
anticoagulant mechanism that is operative under physiologic conditions 
in vivo 1 ,14 . TM is a cof actor for throm bin-catalyzed activation of protein 
C, enhancing the rate of the reaction by 1000-fold' 5 . Using genetically- 
directed synthesis in Escherichia coli, we expressed a short TM 
construct containing EGF-like domains 4-6 and an azido-functionalized 
methionine analog 6 as a C-terminal linker. PEGylation was then 
achieved through Staudinger ligation. 17 

EXPERIMENTAL 
Materials. All chemical reagents were obtained from Sigma 
Chemical Corporation (St. Louis, MS). The BamH I and Shrimp Alkaline 
Phosphatase enzymes were obtained from New England Biolabs, Inc. 
(Beverly, MA). The Guikchange Site-Directed Mutagenesis kit was from 
Stratagene (La Jolla, CA). E.coli strain B834 (DE3), plasmid pET- 
39b{+), S-Tag Rapid Assay kit and Site-Specific Enterokinase Cleavage 
and Capture Kits were from Novagen (Madison, Wl). All plasmid 
purification kits were purchased from QIAGEN Inc. (Chatsworth, CA). 
The mouse monoclonal antibody to human thrombomodulin was from 
COVANCE Corp. (Richmond, CA). Synthetic oligonucleotides were 
purchased from Integrated DNA Technologies, Inc. (Coralville, IA). All 
reagents for manipulating DNA and bacteria were sterilized by 
autoclave. 

Synthesis of the methyl-PEG-triarylphosphine conjugate 2. A 

mixture of the phosphino reagent 1 (10.3 mg, 28 ^mol) and 1,3- 
dicyclohexylcarbodiimide (DCC) (5.7 mg, 27 umol) in CHCI 3 (2 ml) was 
agitated for 1h at room temperature under Argon. A solution of the 
methyl-PEG-amine derivative (m-PEG-NH 2 (M n 5kD)) (120 mg, 24 
umol) in CHCI 3 (2 ml) was then added and the reaction agitated for 2.5 
days at room temperature under Argon. The methyl-PEG- 
triarylphosphine conjugate was recovered by precipitation in diethyl 
ether (200 mL). The precipitate was then redissolved in water, filtrated, 
and lyophilized to afford the final product with 50% of substitution. The 
product was used in the Staudinger reaction without further purification. 



1 H NMR (400 MHz, D 2 0): .5 3.37 (s, 3H, 0-CH 3 (PEG)), 3.45-3.90 (m, 
557 H, 0-CH 2 (PEG)), 7.29-7.50 (m, 1 1 H), 7.81-7.84 (m, 1H), 8.03- 
8.12 (m, 1H). 13 C NMR (150 MHz, CDCI 3 ): 5 39.9, 40.0, 52.5, 59.3, 
68.7, 69,5, 70.1, 70.3, 70.4, 70.6, 71.1, 72.0, 72.4, 128.5, 128.7, 128.8, 
130.5, 131.0, 131.3, 132.0, 133,3, 134.1, 137.7, 138.1, 166.5, 166.7. 31 P 
NMR (242 MHz, CDCI 3 ): 5 -3.U. MALDI-TOF: 6034 D (calculated 6014 
D). 

RESULTS AND DISCUSSION 
Synthetic gene construction. A DNA fragment encoding for 
EGF (4-6) domains of human TM was obtained by polymerase chain 
reaction using primers 5'-TACCCTAACTACGACCTGGTG-3' and 5'- 
TATGAGCAAGCCCGAATG-3*. Through a series of intermediate 
constructs, this fragment was used to generate a gene containing a 
Leucine (Leu) substitution for Methionine-388 (Met-388), N-terminal and 
C-terminal BamH I sites and a C-terminal linker GlyGlyMet using site- 
directed mutagenesis. The final construct (TMqgm) was then inserted 
using the BamH I site of the expression plasmid pET-39b(+). All 
mutations were verified through sequence analysis. The alteration of 
the Met-388 to Leu (Figure 1) was performed in order to increase the 
bioactivity of the TM-derivatives. Indeed, White et al. 18 has shown that 
the Met-388-Leu mutation results in a 2-fold increase in' k«t for the 
activation of protein C. 
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Figure 1. Structure of the TM-mimetic protein. 

Protein expression and purification. pET-39b(+)/TM GGM was 
introduced into the E. coli methionine auxotroph strain B834(DE3). 
Expression under the induction of 1 mM IPTG in M9 medium 
supplemented with 100 mg/L of methionine analog 16,17 afforded the 
target protein as a N-terminal Dsba fusion protein containing a 
hexahistidine tag for purification and a S-tag for quantification. Dsba is 
a periplasmic enzyme that catalyses the formation and isomerization of 
disulfide bonds in pET-39b. Electrophoretic analysis of the whole cell 
lysate as a function of time via western blot analysis using a mouse 
monoclonal antibody to human TM indicated the gradual accumulation 
of new protein during a 4.5 hr induction period. The molar concentration 
of the target protein in the cell pellet was detected with the S-tag rapid 
assay. The yield of protein was approximately 17 mg per liter of cell 
culture. Enterokinase cleavage removed the fusion tag and generated 
the target protein (TM QGM ). N-terminal sequencing, amino acid 
compositional and mass analysis confirmed the integrity of TMqgm- 
(Mass detected (m/z): 1 6 545.2 D (calculated 1 6 540.0 D)). 

TM-PEG conjugation. The methyl-PEG-triarylphosphine 
conjugate 2 was prepared from a commercially available methyl-PEG- 
amine derivative (m-PEG-NH 2 (M n 5kD)) and the phosphino reagent 1 16 
(Scheme 1). 

GentttcaSy Dimcta4 Synthesis 
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Scheme 1. Synthesis of the methyi-PEG-triarylphosphine conjugate 2 
and bioconjugation to the azido-functionalized TMggm-- 

An excess (1 mg) of the lyophilized methyl-PEG-triarylphosphine 
conjugate 2 was added to a solution of TMqgm- in PBS pH 7.4 (300-500 



nM, 100ul_). The reaction was then heated at 37°C for 36 h. The 
reaction mixture was subjected to SDS/PAGE and visualized by 
Western blot analysis in order to monitor PEGylation of TMqgm-. As 
noted in Figure 2 (lane 2), TMqgm* is characterized by a band at around 
31-33kD that corresponds to a TM dimer. Indeed, thrombomodulin 
often self-associates as dimers even under denaturing conditions 19 . The 
presence of a band at 38-42 kD (Figure 2, lanel) with disappearance of 
the initial TM GGM > band is consistent with the formation of a PEG-TM 
conjugate. In addition, the approximately 10 kD shift indicates that each 
TM monomer has conjugated to a 5kD PEG moiecule. These results, 
indicate that the Staudinger reaction proceeded efficiently in these 
conditions and were taken as primarily evidence for conjugation of the 
PEG polymer to TMggm*. 




Figure 2. Western blot analysis of TM-derivatives. Lane 1. 
Bioconjugation reaction with the PEG linker. Lane 2. TMqgm*. Lane 3. 
Molecular weight marker proteins. 

Measured catalytic activity for commercially available human TM 
(WKm = 0.21 ± 0.05 min* 1 . uJvl" 1 ) and TM G gm* (IWKm = 0.20 ± 0.05 min* 
\ uM" 1 ) were similar. Moreover, the conjugation of PEG to TMqgm- did 
not affect activity (IWKm = 0.16 ± 0.05 min* 1 . uJvl" 1 ). These data 
confirmed that this site-specific PEGylation scheme does not interfere 
with thrombin binding and protein C activation. 

CONCLUSIONS 

A thrombomodulin derivative containing EGF(4-6)-like domains 
with an azido-functionalized methionine C-terminai linker was 
successfully synthesized via a genetic engineering strategy. The TM 
mutant was site-specifically conjugated at the C-terminus to methyl- 
PEG-triarylphosphine via Staudinger reaction in mild conditions. 
Enzyme activity before and after PEGylation were similar indicating the 
utility of this site-specific PEGylation scheme. 
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bioactivity. Typically polyethylene glycol ("PEG") is used as the polymer spacer. An 
advantage of PEGylation of proteins is an increase in plasma half -life, stability against 
proteolytic cleavage, and a decrease of protein immunogenicity. 

iii. Attach sketches, drawings, photographs, or other material that help illustrate 
the description, if appropriate. 

Genetically Directed Synthesis 
using no it- natural amino -acid : 
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TM analogs containing NNA A 



TM: Thranijomodulin analog capable of activating ptotein C 
NH^ : Amino group at the N-temnnal of TM 
COOH: CaAoxyuc acidgioup C-terminal of TM 
NNAA : Non-Natuial Amino Acid 

R Functional group of the nan-natuial amino acid ( N3 , alkyi, diene, ....) 



Example of a Conjugation Reaction: 
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Scheme 1. 
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Figure 1. 
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Figure 2. 
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Figure 4. 
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Table 1. Kinetic Parameters For TM Mutants 





TM A 


TM 8 


PEGylated 
TM B 


Commercial 
TM 


Km (mM) 


0.9 ± 0.2 


1±0.5 


1 ±0.5 


0.7 ±0.1 


Kat (mirT 1 ) 


0.22 ± 0.05 


0.16 ±0.05 


0.20 ± 0.05 


0.14 ±0.02 


kcat/KM (min' 1 . mM" 1 ) 


0.26 ± 0.1 


0.16 ±0.05 


0.20 ±0.05 


0.21 ± 0.05 
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Generation of Thrombomodulin Conjugates and Applications Thereof 

Elliot L. Chaikof, M.D., Ph.D., Chiystelle S. Cazalis, Ph.D, Carolyn A. Haller, Ph.D. 

Emory University 
404-727-8413 
. echaiko@emory.edu 

Patent Claims: 

1. Generation of recombinant thrombomodulin constructs containing non-natural amino acids 

• A preferred embodiment of the invention include the expression of the extracellular 
portion of thrombomodulin 

• A preferred embodiment of the invention include the expression of the extracellular 
portion of thrombomodulin containing catalytically active sites 

• A preferred embodiment of the invention include the expression of the extracellular 
portion of thrombomodulin that is capable of activating protein C 

• A preferred embodiment of the invention include the expression of thrombomodulin 
mutants that contain single or multiple non-natural amino acids 

• Examples of non-natural amino acids include: methionine analogues, alanine analogues, 
phenylalanine analogues, leucine analogues, proline analogues and isoleucine analogues. 
Example of methionine analogues include: L-2-amino-4-azido-butanoic acid. 

• A preferred embodiment of the invention include the expression of thrombomodulin 
mutants containing a single non-natural amino acid at the C- terminal portion of the 
construct 

2. Generation of recombinant thrombomodulin constructs that are conjugated to natural or 
synthetic polymers via non-natural amino acids in the recombinant protein 

• An embodiment of the invention include the conjugation of the construct to synthetic 
polymer or natural polymers 

• Examples of linear or branched synthetic polymers for conjugation include: poly(t-butyl 
acrylate), poly(t-butyl methacrylate), polyacrylamide, glycolipid and their mimetics. 

• Example of natural polymers include: glycoproteins and their mimetics, poly(arginine), 
polysaccharides and their mimetics. 

• An embodiment of the invention include the conjugation of the construct to linear or 
branched poly(ethylele glycol) 

• A preferred embodiment of the invention include the conjugation of the construct to 
linear poly(ethylele glycol) 

3. Generation of recombinant thrombomodulin constructs or derivatives thereof that are 
conjugated to multifunctional natural or synthetic polymers for surface anchoring 

• An embodiment of the invention includes the conjugation of the construct or derivatives 
thereof to synthetic polymers for surface anchoring of the conjugate 

• A preferred embodiment of the invention include the conjugation of the construct to 
poly(ethylene glycol) for surface anchoring of the conjugate 
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• Examples of anchoring groups include: biotin, conjugated diene, azide, alkyne, 
diphenylphosphine, triarylphosphine. 

• Examples of surface targeting groups include: sialyl-Lewis X, antibodies or Fab 
fragments agains VCAM-1, ICAM-1 or other inflammatory cell surface proteins, 
antifibrin antibody. 

• An embodiment of the invention include the conjugation of the construct to synthetic 
polymers for anchoring to the surfaces of synthetic or natural materials 

• Examples of synthetic materials include: poly(tetrafluoroethylene) , polysiloxanes, 
poly(ether urethane urea), poly(lactic acid-co-glycolic acid), glass surface and 
derivatives. 

• Examples of natural materials include: cells, tissues, blood vessels 

• An embodiment of the invention consists of coating of the surface of medically implanted 
or human tissue or fluid contacting devices including but not restricted to vascular grafts, 
stents, heart valves, dialysis membranes, membrane oxygenators, catheters, or guide 
wires to alter surface properties. 

• An embodiment of the invention consists of coating of the surface of living cells or 
tissues, including, but not restricted to smooth muscle cells, fibroblasts, endothelial cells, 
stem cells, chondrocytes, osteoblasts, pancreatic islets, or genetically engineered cells. 

. Generation of recombinant thrombomodulin constructs or derivatives thereof that are 
conjugated to multifunctional natural or synthetic polymers that contain other anti- 
inflammatory or anti- thrombotic properties 

• An embodiment of the invention includes the conjugation of the construct or derivatives 
thereof to synthetic polymers that contain one or more additional anti-inflammatory 
groups 

• Examples of anti-inflammatory groups include: sialic acids and their 
mimetics/derivatives 

• An embodiment of the invention includes the conjugation of the construct or derivatives 
thereof to synthetic polymers that contain one or more additional anti-coagulant/anti- 
thrombotic groups 

• Examples of anti-coagulant/anti-thrombotic groups include: heparin and its 
mimetics/derivatives 

• An embodiment of the invention includes its use as a systemic agent for treatment of 
micro or macrovascular blood clots, stroke, heart attack, disseminated intravascular 
coagulation or other inflammatory or prothrombotic condition. 
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